Abstract-Biochar has been suggested as a means of abating climate change through long-term soil carbon storage. Amongst the various species found in coppiced woods, sweet chestnut could provide sufficient biomass feedstock. The model is comprised of three components: 1.) A biomass model considering the optimum rotation length for maximising annual biomass harvest, 2.) a cost model accounting for the harvesting and chipping of the biomass, exploring the optimum rotation length for minimum cost, and 3.) a model projecting the carbon storage under unmanaged and a new coppicing regime where coppice biomass is converted into biochar production. The findings show how long it would take for a new coppicing and biochar producing regime to become carbon negative. The model projects a coppicing regime which will take at least 82 years to become carbon negative.
I. INTRODUCTION
To withdraw the CO 2 already in the atmosphere, the only readily deployable methods are CCS and the enhancement of biological sinks as the other alternatives simply inhibit or lessen further CO 2 emissions. As acknowledgement over the obstacles of CCS (Carbon Capture Storage) has been mounting, such as its energy intensity, its cost and long-term storage issues, the alternative of developing methods to enhance biological sinks has been gaining more consideration (Darko, 2010) . One such method is the production and deposition of biochar, most simply defined as charcoal produced primarily for use in environmental management.
The production of biochar and its application to soil is gaining recognition as a novel approach in creating a long-standing sink of atmospheric CO 2 in terrestrial ecosystems. The application of biochar is not only capable of increasing the carbon storage of soils, but also provides benefits through enriched soil fertility and improved crop production (Darko, 2010) . Biochar can be produced from almost any organic matter that is uncontaminated, such as crop residues, grasses, agricultural plant residues, stem timber and non-stem logging residues including tree-tops, branches and bark (Sohi, 2012) . The use of different sources of biomass hold varying strengths and benefits. Furthermore, the choice of biomass type ought to hold the capacity to provide a steady supply in order to maintain a stable production of biochar.
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found in coppice woodlands, particularly those which have been abandoned because they are no longer economically viable (Evans, 1992) . Coppicing is a forestry management practice whereby trees are cut periodically and allowed to regrow, ensuring a continuous regeneration of woodland and continuous supply.
The aim of this project is to determine the potential carbon sequestration benefit from bringing abandoned sweet chestnut (Castanea sativa) coppice woodland in the South East of England back into active coppice management and converting its biomass into biochar. Sweet chestnut has been chosen amongst the other species found in coppiced woods as they are the most predominant in England in terms of availability. The specific modelling objectives of the project are as follows: a. Determine the optimum rotation cycle to deliver maximum biomass and minimum cost in order to propose a new coppicing regime for abandoned woodland b. Project the net carbon sequestration throughout time to determine the point at which the production of biochar becomes carbon neutral
II. THE METHOD OF THE STUDY
The model developed for this project is divided into three components as shown in Figure 9 . The first stage is the biomass model includes a growth function for sweet chestnut coppice, and aims to explore what the optimum rotation length would be to maximise yearly biomass production per hectare. The second stage models the costs associated with harvesting and chipping the biomass to prepare it as feedstock for biochar production. The costs of production change with rotation length so this allows identification of an optimum which minimises costs for comparison with the optimum for biomass.
The last stage of the model projects how the carbon storage would change over time England's abandoned chestnut coppices were brought under a new coppicing regime with the biomass diverted to biochar production. For comparison it also projects how the carbon currently stored in those abandoned coppices would develop if no new coppicing regime were established and they were just left to continue growing. The coppice growth function presented here is based on biomass yield observations reported by Rollinson and Evans (1987) . Their study measured a range of variables to develop a function that could be used as a field tool to predict the yield of any given area of UK sweet chestnut coppice. The data collected included age, mean diameter at breast height, number of shoots and stools per hectare. Despite a considerable range in stocking density (shoots and stools per hectare), they concluded that age alone was a satisfactory predictor of biomass.
Rollinson and Evans (ibid) sampled coppices up to 28 years since the last harvest, and used a quadratic function as their yield prediction model. However, for this paper it is necessary to model the biomass of abandoned coppice which may be older than 60 years. Assuming that the biomass of chestnut coppice will at some point be limited by density, a quadratic growth function was not deemed suitable. A logistic function was preferred, but given the level of uncertainty in carrying capacity it was necessary to use an asymmetric function that could accommodate different values whilst still giving a good fit to the data.
Adapting the flexible logistic function proposed by Richards (1959) , the coppice biomass yield function used in this model is as follows:
Where: B = above ground biomass (tonnes per hectare) K = carrying capacity (tonnes per hectare) Q = biomass at starting year (tonnes per hectare) r = intrinsic growth rate a = age of coppice (years) v = a constant which determines the level of asymmetry with regards the point of inflexion
To allow investigation of the model's sensitivity to K, the solver add-in and custom macros in Excel were used to automate iterative adjustments to the constants Q, r and v to create functions that fitted the observations while varying the value of K (Figure 3 ). i. Biomass harvestable for a given rotation length, per hectare of available coppice:
The growth function described above gives a biomass yield for a hectare of coppice harvested at a given age. However for a steady level of production year after year for a given rotation length, it is not possible to harvest all of the available coppice area every year. In a two year rotation only half of the available coppice area can be harvested, in a three year rotation only a third can be harvested, and so on. The area harvestable each year for a given rotation can be expressed as follows:
Where H = hectares harvestable each year, A = total hectares of available coppice, and L = the rotation length in years. Combining this with the growth function gives the equation for the biomass harvestable each year, Bh, for a given rotation length and total area of available coppice.
C. Cost model
ii. Cutting and stacking costs per hectare :
The cost of cutting the coppice and gathering the material on site is modelled as follows:
Where Cf = daily cost of forest craftsperson, and Ah = area harvestable in a day by a forest craftsperson. Ah is itself a function of biomass harvested per hectare, since it is expected that the more material that needs cutting and handling, the slower the work rate. An exponential decrease in Ah with increasing biomass was developed based on discussion in an online forest worker's forum (Arbtalk, 2009) , to give the following relationship:
An inverse exponential decrease was chosen based on the assumption that the area harvestable per forest craftsperson would never be zero, and that efficiency of work would increase with biomass due to economies of scale.
iii. Chipping costs per tonne
Once the coppice is harvested and stacked, it must be chipped in preparation for transport and processing into biochar. The cost of chipping per tonne of biomass is given by:
Where Ct = cost per tonne chipped, Cc = daily cost of chipper and operator, Wh = hours of operation in a day, and Kc = hourly capacity of chipper in tonnes. The values actual values used for these variables were based on standard costs from the Forestry Commission (2011) and chipper specifications from a popular chipper manufacturer (Timberwolf, 2017) .
iv. Cost per tonne of chip production for a given rotation.
The cost per tonne of chip produced is calculated from the cutting and stacking costs per hectare (Ch), divided by the biomass produced by that hectare at the given rotation (B), plus the chipping costs per tonne (Ct).
D. Carbon model
The carbon model simulates carbon storage under three scenarios: no new coppicing of previously abandoned, new coppicing at the optimum for maximum biomass production, and new coppicing at the optimum for minimum cost per tonne of chip. Some key assumptions in this model include:
 All the abandoned coppice in England is the same age (60 years).  The carrying capacity of all coppice is the same (1000 tonnes per hectare). A list of the variables and parameters used is summarised in Table 1 . v. Carbon storage in abandoned coppices with no new coppicing regime. The first scenario projects how the carbon storage in the abandoned coppice develops over time if no new coppicing regime is established. This is relatively easily calculated using the biomass growth function, starting at the age of the abandoned coppice and applying the fresh to dry weight (d) and carbon content (i) conversion factors. The values used are 50% (Rollinson and Evans, 1987) , and 48.4% (Montero et al., 2005) respectively. So the carbon content of the unmanaged woodland is represented by:
Alpha is the total amount of carbon content of abandoned chestnut coppice if no new coppicing regime is established.
Carbon storage in coppice woodland and biochar sink under a newly established coppicing regime
The carbon content of abandoned coppice brought under a new management regime is more complex as it requires calculation of carbon in standing biomass and accumulation in the biochar sink. The carbon stored in the abandoned coppice will decrease each year as an increasing portion is brought under the new coppice rotation cycle. To begin with the yearly biomass yield for biochar production will relate to the age of the remaining abandoned coppice and will increase with age until the end of the first rotation. At this point the biomass yield will relate to the age of the coppice at the end of the chosen rotation cycle. When the first first rotation, no carbon will be stored in what is class The first scenario projects how the carbon storage in the abandoned coppice develops over time if no new coppicing regime is established. This is relatively easily calculated using the biomass growth function, starting at the age of the abandoned coppice and applying the fresh to dry weight (d) and carbon content (i) conversion factors. The values used are 50% (Rollinson and Evans, 1987) , and 48.4% (Montero et al., 2005) respectively. So the carbon content of the unmanaged woodland is represented by:
Alpha is the total amount of carbon content of abandoned chestnut coppice if no new coppicing regime is established. ified as abandoned coppice. As abandoned coppice is converted, the carbon stored in the newly managed coppice will increase every year as the area expands and the biomass grows. At the end of the first rotation the carbon stored in the newly coppiced area will reach a steady state, as will the biomass yield for biochar production.
Therefore the total carbon storage in each year is calculated as the carbon in the remaining abandoned forest, plus the carbon in the newly coppiced area, plus the cumulative carbon stored in the biochar. Equations for the components of these calculations are shown below.
Above ground biomass of remaining abandoned forest:
O is the amount of biomass above ground in old (abandoned) chestnut woodland. This area will decrease with time because the harvested area (H x ) is increasing every year until all of abandoned forest is replaced by the newly coppiced woodland.
Above ground biomass of newly coppiced area -N (using Simpson's rule):
N is the amount of standing biomass in the newly managed chestnut woodland i.e. the area where the chestnut will regrow after coppicing. This store will increase and then become stable at the end of the first rotation year because the whole area will have been converted to newly coppiced area. The amount of biomass in the newly coppiced area is calculated from the biomass growth function using Simpson's integral rule . Carbon content of total standing coppice biomass:
The carbon content of the above ground biomass is calculated by summing the biomass in the remaining abandoned coppice area and the newly coppiced area, and applying conversion factors for dry biomass and carbon content.
Beta represents the total amount of carbon in the standing chestnut woodland under a new coppicing regime.
Carbon content of biochar:
It is assumed that the biochar produced from the chestnut biomass is ultimately applied to farmland and that it is indefinitely stable in the soil. Therefore the carbon stored in biochar is calculated cumulatively to include all biochar produced in since the beginning of production. The biochar carbon store in a given year is given by.
Where Gamma is the amount of carbon in biochar sink. The mass conversion of biochar from dry chestnut biomass is 24.4% (Ronsse 2013 ) and the carbon content of biochar is 91.8% (ibid).
Overall carbon stored in standing coppice and biochar sink:
The carbon store (delta) for a given year under the new coppicing regime is simply the sum of the carbon in the above ground (standing) biomass and the accumulation of biochar production.
Delta is the crucial part of this model as the potential of biochar production is determined by the comparison of delta with alpha (carbon content of abandoned coppice in the -do nothing‖ scenario). The -break even‖ point for coppice biochar production in terms of carbon storage occurs delta more than alpha.
III. THE RESULTS

A. Optimum Rotation Model
The optimum rotation is modelled twice, first to find the rotation length at which the maximum biomass can be harvested ( Figure 5 ) and second to find the rotation at which the harvest and chip preparation costs would be the lowest (Figure 6 ).
B. Optimum rotation for maximum biomass
The rotation length that produces the maximum biomass yield is 42 years. At this age of sweet chestnut coppice the harvest would be 15.5 tonnes/ha and would cost £18.41/tonne to harvest and cut into chip form. The peak at year one has been ignored in consideration of the optimum because the residual plot of the coppice growth function showed that biomass tended to be overestimated in very young coppices compared to observed values. 
C. Optimum rotation for minimum cost of coppice wood chip produced
The rotation length resulting in the biomass harvest yield with the minimum cost is 25 years. At this rotation the fresh biomass yield would equate to 13.42tonnes/ha and cost £16.03/tonne or £215/ha. The results for the two optimal coppice rotations are summarised in Table II:   TABLE II 
D. Optimum rotation -sensitivity results
The sensitivity analysis shows that past 24 years the tonnes of fresh biomass harvested per hectare becomes less predictable. The original value of K gives a optimum rotation for maximum biomass harvest at 42 years, the lower and upper limits differ by 6 years either side of the original, 34 and 48 years respectively (Figure 7) . Fig. 7 . The optimum fresh biomass sensitivity to the carrying capacity K. K sensitivity range has been set to 25%.
At the original value of K the optimum rotation based on minimum cost of coppiced wood chips is 25 years. The lower and upper limit of K to do not alter the rotation length. Fig. 8 . The optimum cost sensitivity to the carrying capacity K.
E. Projection of carbon storage in coppice and biochar sink
Under an active coppice regime which centres on a rotation length for the minimum cost of coppicing, the carbon stored in the coppice and biochar sink will exceed the carbon stored under no coppicing by year 97 (Figure 9 ). The carbon stored under the scenario of active coppicing and biochar production will decrease due to carbon being released during coppice harvesting until year 25. Considering an active coppice regime characterised by a rotation length for maximum biomass, the carbon stored in the coppice and biochar sink will exceed the carbon stored under no coppicing by year 82 (Figure 10 ). The carbon stored under the scenario of active coppicing and biochar production will decrease until year 42. the year at which the carbon stored in the in coppiced woodland and biochar is double the carbon storage in unmanaged coppice woodland. The carbon storage carrying capacity of unmanaged woodland is 4,839 tonnes. In the scenario of choosing a minimum harvest cost rotation length (25 year rotation), Figure  11 illustrates that total carbon storage in the new coppice regime will reach 9,698 tonnes/year in year 257. Fig. 11 Projection of carbon storage doubled under optimum rotation for minimum cost compared to the no coppice regime
The coppicing scenario for maximum biomass production, where the rotation year is 42, shows slightly improved payback time ( Figure 12 ). The carbon storage of coppiced woodland reaches 9,702 tonnes/year in 220 years. Even though the maximum biomass scenario is faster than minimum cost scenario, it will still take more than 200 years double carbon storage, through a biochar-coppicing management strategy. A conclusion section is usually required. Although a conclusion may review the main points of the paper, do not replicate the abstract as the conclusion. A conclusion might elaborate on the importance of the work or suggest applications and extensions.
V. RECOMMENDATIONS FROM THE STUDY RESULTS
In determining the potential carbon sequestration benefit from bringing abandoned sweet chestnut coppice woodland into active coppice management and converting its biomass into biochar, the model shows that it would require at least 82 years for the biochar production to become carbon negative. In the short-term, it would be more beneficial, in terms of carbon storage, for abandoned woodlands to be kept untouched. In the long term however, biochar production does create a carbon sink which, unlike standing forest, can accumulate indefinitely.
The scope the model does not account for the other potential benefits of biochar, such as it replacing fossil fuels through reduced fertiliser use and increased renewable energy. As such, a cost-benefit analysis and life-cycle analysis is recommended for further study in order to explore the potentials of biochar production more thoroughly. This would yield further knowledge and guidance to policy makers in determining whether coppice management and biochar production could be used as suitable approach for climate mitigation.y access to stores locations. 
